15 Koalas (Phascolarctos cinereus) are iconic Australian marsupials currently threatened by 16 several processes. Infectious reproductive tract disease, caused by Chlamydia pecorum, and 17 koala retrovirus infection are considered key drivers of population decline. The clinical sign 18 of 'wet bottom', a staining of the rump associated with urinary incontinence, is often linked 19 to chlamydial urogenital tract infections. But, wet bottom has been recorded in koalas free of 20 C. pecorum, suggesting other causative agents in those individuals. Current understanding of 21 the bacterial community of the koala urogenital tract is limited. We used 16S rRNA diversity 22 profiling to investigate the microbiome of the urogenital tract of ten female koalas. Five 23 presented with wet bottom and five were clinically normal. We detected thirteen phyla across 24 the ten samples, with Firmicutes occurring at the highest relative abundance. The order 25 Lactobacillales comprised 70.3% of the reads from all samples. After normalising reads using 26 DESeq2 and testing for significant differences, there were 25 operational taxonomic units 27 more commonly found in one group over the other. This study provides an essential 28 foundation for future investigations of both the normal microflora of the koala urogenital 29 tract, and better understanding of the causes of koala urogenital tract disease. 30 31 urogenital tract of koalas, and to compare the microbiome of koalas with and without mild 56 wet bottom. 57
Introduction 32
The koala (Phascolarctos cinereus) is an iconic marsupial species endemic to Australia. 33 Northern koala populations, in the states of Queensland and New South Wales, are currently 34 declining due to impacts from both disease and increased urbanisation. Two significant 35 pathogens of koalas, Chlamydia pecorum and koala retrovirus (KoRV), have been the focus 36 of koala infectious disease investigation since their respective discoveries. KoRV is currently 37 undergoing endogenisation into the genome across the koala population in Australia 1 . KoRV 38 has been detected in all northern koalas sampled 2 , and has been associated with a large 39 number of clinical signs of disease 3 . Chlamydia pecorum infection causes ocular and 40 urogenital infections and can lead to blindness and infertility in koalas, greatly impacting 41 population fecundity and survivability 4,5 . C. pecorum is commonly associated with the 42 clinical sign known as 'wet bottom' or 'dirty tail' 6 . This staining or scalding of the rump is 43 associated with cystitis due to C. pecorum infection in some popultations 7 , but recently 44 samples from a large number of koalas from Victorian populations with mild wet bottom 45 were negative via qPCR for C. pecorum 8 . In particular, koalas in a population considered at 46 the time to be free of C. pecorum 9 had a similar prevalence and severity of wet bottom to 47 populations where C. pecorum occurred in more than 35% of the population. Further analysis 48 demonstrated that whilst wet bottom could be significantly linked to the detection of C. 49 pecorum infection in male Victorian koalas, this relationship did not exist in females 10 . It may 50 be that some other as yet unidentified organism is causing these mild clinical signs of disease 51 in koalas, however to date there has not been extensive research to determine the normal flora 52 of the koala urogenital tract, making it difficult to use traditional microbiological techniques 53 to detect species of interest. Modern sequencing technology, specifically 16S rRNA 54 biodiversity profiling, was used to improve our understanding of the microbiome of the 55
Quality filtering and OTU assignment 80
Quality filtering and operational taxonomic unit (OTU) assignment was undertaken using a 81 mixture of scripts and algorithms available in the programs USEARCH 15 and QIIME 1.9.1 82 (Quantitative Insights Into Microbial Ecology) 16 . The resulting paired-end reads for each 83 swab sample were merged using USEARCH script fastq_mergepairs. Primers were then 84 trimmed using seqtk 17 and reads were filtered for quality using USEARCH script 85 fastq_filter, utilising an expected error cut off of 1, rather than PHRED quality score 18 . 86 Paired reads which were shorter than 400 bp were discarded. Unique reads within the entire 87 sample set were assigned OTUs using the USEARCH algorithms derep_fulllength and 88 cluster_otus 19 , with a minimum identity of 97% for clustering. Singletons were excluded 89 from analysis due to the high likelihood that they contain errors, as per USEARCH 90 cluster_otus manual 20 . The merged reads from each swab sample, including the previously 91 excluded singletons were matched with the produced OTUs using USEARCH script 92 usearch_global, with a threshold of 97% identity to group a read into specific OTU. The 93 taxonomy of each OTU was determined by using the QIIME script assign_taxonomy.py in 94 conjunction with the Greengenes taxonomy database 21 . Chloroplast and mitochondrial OTUs 95 were removed from the dataset using the QIIME script filter_taxa_from_otu_table.py. 96 clustering of reads into 592 OTUs. 138
Phylum presence and relative abundance 139
In total, 13 phyla were detected in the ten samples (Table 1) Acidobacteria were only detected in two (one clinically normal koala and one displaying wet 148 bottom). Armatimonadetes was detected in three koalas without wet bottom, but in none of 149 the five diseased koalas. These three phyla where detected at the lowest relative abundance 150 across the ten samples. 151
Richness and diversity 152
Species richness within each sample, using absolute abundance, is described in Table 1.  153 Across the ten samples sequenced, the mean number of OTUs in each sample (with 154 singletons, chloroplasts and mitochondria removed) was 80.0 (ranging from 55 to 126). After 155 rarefaction to 160,000 reads, the mean OTUs of the two groups were 80.0 (S.D. ± 9.62) and 
Discussion

186
Previous assessment of the koala microbiome has focused on the unique digestive system of 187 koalas comparing either two free ranging animals from northern populations 30 or two captive 188 koalas in Europe 31 , from which the ocular microbiome was also assessed. This study is the 189 first investigation of the microbiome of the urogenital tract of the female koala using modern commensal Lactobacillus is thought to play a role in reducing the successful establishment of 209 sexually transmitted diseases in humans 35, 36 , and it has been shown that Aerococcus spp. are 210 involved in hydrogen peroxide production 37,38 . In humans Aerococcus spp. have also been 211 associated with disease, including the aforementioned Aerococcus urinae, which can cause 212 urinary tract infections 39 and septicaemia 40 . Investigations into the urinary microbiome of 213 women with and without 'urgency urinary incontinence' found that Aerococcus spp. were 214 detected more frequently in cases where disease was present 41 . In our study, the four 215
Aerococcus spp. OTUs that had significantly different normalised abundance were evenly 216 split, with two having higher abundance in koalas with wet bottom and two in koalas without 217 wet bottom. The role of organisms within this family as opportunistic pathogens in koalas 218 cannot be ruled out. 219
The Aerococcus were the most common genus amongst those OTUs with significant 220 differential abundance after normalisation using DESeq2. The representative sequences of 221 these four OTUs did not match known species within the Aerococcus genus with an identity 222 greater than 97%, suggesting that these represent novel species. This is not unexpected, as the 223 culture of organisms from the koala urogenital tract has been limited to only a small number 224 of studies, with the majority focused on diagnosing what was later deemed to be chlamydial 225 infection [42] [43] [44] . Efforts in culturing novel bacteria from koalas have focused primarily on its 226 unusual gut microbiome 45 , owing to its diet of eucalyptus leaves, as well as the microbial 227 flora in the pouch 46 . Of the OTUs that were classified to species level in our study, one was 228 classified as Lonepinella koalarum, which was first isolated from the faeces of a captive 229 koala 47 . In our koalas, L. koalarum was present in 6/10 samples and occurred at a relatively 230 low abundance in the majority, ranging from 1 to 3139 absolute reads (median of 1) 231 (Supplementary material S2). Whilst it is possible for a species to occupy multiple body sites, 232 it could also suggest that our samples contain minor contaminants from the intestinal tract. 233
The anatomy of the koala, with the cloaca through which the urogenital tract is accessed also 234 containing the rectal opening, means that such contaminants are difficult to avoid. Future 235 studies of the urogenital tract microbiome would benefit from either taking control samples 236 from the rectum of the koala being sampled, or inverting the cloaca so that the urogenital 237 opening is more easily accessible, as described previously for the tammar wallaby 32 . In that 238 study, approximately a quarter of phylotypes (26/96) were detected in both the urogenital and 239 rectal samples, suggesting that bacteria occupying multiple sites in marsupials is not unusual. 240
Whilst there did not appear to be any strong clustering on our 2D or 3D PCoA plots, 241 comparisons of the beta-diversity between groups highlighted that the makeup of the 242 communities was significantly different when assessing Bray-Curtis dissimilarity and 243 unweighted UniFrac distances. These metrics assess presence/absence of OTUs between 244 groups, with UniFrac also considering phylogenetic distance between OTUs present. The 245 finding that weighted UniFrac distances, which considers the abundance of OTUs, were 246 comparable between groups suggests that there was no clustering due to OTU prevalence. 247
The average number of OTUs detected in our samples is difficult to compare to other 248 publications investigating koala microbiomes. This is both due to the impact that sample site 249 differences would have on OTUs present, as well as the method of OTU classification used. 250
For instance, previous research on the koala intestinal microbiome used QIIME for analysis 251 of 454 pyrosequencing reads 30 It could be argued that the skewed relative abundance of Proteobacteria and Bacteroidetes in 262 the samples from koala 49 and 70, respectively, could be a result of swab contamination with 263 faecal material, which would impact diversity inferences. The human microbiome project 264 identified that reads from stool samples were predominately from the Bacteroidetes phylum 48 , 265 and the most recent assessment of the koala rectal microbiome found these two phyla to be 266 the most abundant in samples taken from both koalas assessed 31 Our sample size is larger than previous studies of koala microbiomes, which have 294 incorporated at most two individuals, yet it is substantially smaller than many studies in 295 human medicine which include hundreds of samples 57 . Our samples were opportunistically 296 collected during population management exercises, and chosen from our sample archive due 297 to the absence of C. pecorum from the French Island koala population at the time of testing 9 . 298
Whilst C. pecorum was subsequently determined to be present in this population 13 , no koalas 299 used in this project were positive via a Chlamydia spp. PCR. Importantly, no koalas used in 300 this study were found to have reads classified within the Chlamydiae phylum after taxonomic 301 assignment of OTUs. * Wet bottom score ranges from 0 (absent) to 10 (most severe) 11 ^ Body condition score ranges from 1 (low/poor condition) to 5 (high/over conditioned). A score of 3 is considered standard 8 + Tooth wear class can be used to estimate koala age and ranges from I (young) to VIII (old) 5 # Phyla assigned using QIIME 16 script assign_taxonomy.py utilising Greengenes 21 curated 16S rRNA library Wet Bottom Wet Bottom 
